Purpose: The purpose of this study was to clarify the reference values of muscle thicknesses by age and to elucidate the association of muscle thickness with physical function in a large group of community-dwelling elderly individuals.
Introduction
Low activity level with age causes muscle volume decline with disuse muscle atrophy and changes in muscle tissue, such as sarcopenia, accompanied by a decrease in muscle strength and decline of physical function and disability in activities of daily living. Since the risk of falling significantly increases with declines in muscle volume, the establishment of a method to evaluate muscle function is imperative. 1, 2 Disuse muscle atrophy in elderly individuals tends to occur unevenly among muscles rather than occurring in all muscles uniformly. Ikezoe et al 3 compared the muscle thicknesses between a group of young women and groups of elderly women, and reported that the muscle thicknesses of all muscles, except for the soleus, were significantly smaller in the groups of elderly women than in the group of young women. Furthermore, noticeable quadriceps femoris (QF) muscle atrophy occurred in the
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nishihara et al elderly group with long-term bed rest. The significant decline of muscle thickness in the lower extremities, except for the soleus, was also reported in another elderly group compared with a young group. 4 The QF, one of the most important antigravity muscles along with the soleus for maintaining the standing position, is an important muscle when investigating changes in physical function with age.
Cross-sectional imaging of tissue by ultrasonography has recently attracted attention for safety reasons. Moreover, high-resolution imaging is possible because of technological advances of ultrasound devices with high reproducibility. 5 The measurement of muscle thickness would be useful for evaluating muscle strength or performance, because muscle volume is associated with muscle strength and power; furthermore, the muscle cross-sectional area is correlated with muscle thickness. [6] [7] [8] [9] Some reports have compared ultrasound-measured muscle thickness of the QF or rectus femoris (RF), which is part of the QF, along with the vastus intermedius (VI), vastus lateralis, and vastus medialis, with physical function, [10] [11] [12] [13] but the sample sizes of these reports were not very large. Moreover, fewer reports of the thicknesses of multiple muscles in the QF exist.
14 Therefore, this study aimed to clarify age-specific reference values of the thicknesses of multiple muscles, such as the RF and VI in the QF, for the possibility of unevenly occurring disuse muscle atrophy in community-dwelling older adults; and to elucidate, in more detail, the changes with aging by investigating the correlation of thicknesses of the QF, RF, and VI with physical function, as measured by knee extension strength (KES), walking speed, one-legged stance (OLS), and grip strength (GS).
Materials and methods Participants
Participants were community-dwelling older adults aged 65-89 years. They were recruited through invitations for checkups that were sent to 6,699 residents in nine areas around the Tokyo Metropolitan Institute of Gerontology. A total of 831 elderly individuals (356 men, 475 women) were enrolled in this study.
Study approval was obtained from the Ethical Committee of the Tokyo Metropolitan Institute of Gerontology (approval number: H14 in 2016) and the Saitama Prefectural University Ethics Committee (approval number: 27055). Written informed consent was obtained from each participant before the study was performed.
Measurement of muscle thickness
The Mysono U6 (Medison, Seoul, Korea) ultrasound device was used. A linear probe (5-12 MHz) set to 8.8 MHz was placed on the participant's skin perpendicular to the skin surface. The participant was fully relaxed and maintained a standing position. The measurement was performed at the midpoint between the anterior superior iliac spine and the upper edge of the patella according to the method described in previous reports. 5, 15 The probe was positioned perpendicular to the longitudinal QF axis, and a transverse plane scan was performed at a depth of 5 cm, or 5.5 cm in cases of insufficient images, in order to have the femur displayed on the image (Figure 1) .
The thickness of the QF was defined as the distance between the lower boundary of the subcutaneous fat and the surface of the femoral bone. The RF and VI were considered to be separated by the fascia between the RF and VI. Thus, the thickness of the QF was the sum of the thicknesses of the RF and VI. To improve the image quality, the degree of the probe was adjusted slightly, and a generous amount of gel was applied between the probe and skin.
Measurement of physical function Kes
A specially designed frame with a dynamometer attached (Isoforce GT610S, OG Giken, Okayama, Japan) was used 
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Physical function and thicknesses of multiple QF muscles to measure maximum isometric knee extension torque of the dominant leg (42 left legs and 789 right legs). The participant was seated in a chair of sufficient height, with his/her hip and knee in the initial position of 90° flexion. The participant's ankle was placed against the pressure recording attachment of the dynamometer, and he/she exerted maximum effort in extending the knee for more than 3 seconds, during which the maximum exerted value was measured. The length between the lateral knee joint fissure gap and the attachment was measured. Maximum knee extension torque was calculated as the strength multiplied by the length (Nm). The values were measured twice and averaged.
Ols
The participant was asked to hang his/her upper limbs downward naturally with eyes open, and the time that one leg could be maintained off the floor was recorded; timing stopped when the foot touched the floor again. The longest measurement time was 60 seconds. If the lifted leg touched the supporting leg, the test was repeated.
normal walking (nW)
The participant was asked to walk at a natural speed for a total distance of 8 m. The time interval between when the foot first crossed the 3-m mark until the foot crossed the end of the measurement area was recorded.
Fast walking (FW)
The participant was asked to walk as fast as possible for a distance of more than 8 m. The values were measured twice and averaged.
Timed Up and go (TUg) test
The participant was initially seated on a chair with his/her back pressed against the back support; the times required to stand, walk to a marker placed 3 m from the chair, turn around, and return to a seated position were measured. The values were measured twice and averaged.
gs GS of the dominant hand was tested as the participant stood with feet apart, taking care to prevent any compensatory motion.
These measurements of muscle thickness and physical function were performed according to methods described in previous reports, which showed large intraclass correlation coefficients of the measured values. 5, 16 The measurements of physical function were not obtained from participants with angina pectoris, myocardial infarction, severe diabetes (with hypoglycemic attack, a fasting plasma glucose level of 200 mg/dL or higher, or complications of retinopathy or nephropathy), or severe hypertension (systolic blood pressure of 180 mmHg or higher or diastolic blood pressure of 110 mmHg or higher), as revealed through nurses' interviews. After excluding those individuals, 777 subjects underwent the measurements of physical function.
statistical analyses
All data by sex are expressed as median and 25th-75th percentile. The non-parametric independent two-sample Mann-Whitney U-test was used to compare characteristics between men and women.
The measured data were separated by sex, and then participants were grouped into 5-year age intervals up to 79 years of age; for example, there was one group for each sex in the 80-year-old or older age group in order to maintain more than 50 participants per group. The median values for thicknesses of the RF, VI, and QF are reported by sex and age groups (65-69, 70-74, 75-79, and 80 years or older). Non-parametric multiple comparisons were conducted using the Kruskal-Wallis test to examine the differences between each measured thickness among the groups. Furthermore, Spearman's correlation coefficients between muscle thickness and measurements of physical function were examined. The correlation levels for this study were defined as follows: if the correlation coefficient (r) was ±0.2-0.4, then we considered it a weak correlation; if it was ±0.4-0.7, it was considered a moderate correlation; and if it was ±0.7-0.9, it was considered a strong correlation. Statistical analyses were conducted with IBM SPSS, version 21.0 (IBM Corp., Armonk, NY). Statistical significance was defined as a P-value,0.05.
Results
Age-specific reference values of muscle thickness and Kes
The participants' characteristics are shown in Table 1 . Reference values of the thickness of the QF and KES by age groups are shown in Table 2 and separated by sex. Thicknesses of the RF, VI, and QF and KES were significantly decreased among age groups for men and women (Table 2) . A negative correlation was shown between fewer groups for muscle thicknesses and results of the NW, FW, and TUG tests, and positive correlations were shown for muscle thicknesses and GS among a few age groups for men and women (Table 3) .
Correlations between muscle thicknesses and physical function test results
Discussion
Some participants in our study had chronic diseases; of the 777 participants, 342 had hypertension (44.0%), 48 had stroke (6.2%), 116 had heart disease (14.9%), and 98 had diabetes (12.6%). The rates of the four chronic diseases were very similar with those of a previous study (less than 1% differences), which investigated more than 4,471 participants of the same age (65 years or older) and almost similar sex and age distributions from four communities in Japan. 17 Therefore, the measured data could be considered as the standard values for community-dwelling elderly persons.
Herein, we aimed to clarify the impact of changes in muscle thickness by investigating its relationship with physical function according to age groups, and our results are interpreted below.
Comparisons of muscle thickness and Kes among age groups
The present study's results showed that muscle thickness and KES decreased with aging because these values were significantly smaller in the older age groups than in the younger age groups (Table 2 ). This supports the notion that a decrease in muscle cross-sectional area with aging leads to a decrease in muscle strength. 6 The thickness of the QF continuously decreases after middle age according to a previous study. 18 However, the thicknesses of the RF, VI, and QF were maintained until age 70-74 years in men, whereas those of the RF, VI, and QF decreased from age 70-74 years. KES was maintained in women aged 70-74 years in this study. 
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Physical function and thicknesses of multiple QF muscles After investigating thicknesses of the RF and VI in the QF among men and women, we found that thicknesses of the RF showed slightly fewer significant differences and less decreases in older age groups in men (Table 2) . Because the thickness of the RF is considered to be maintained despite aging, changes in the RF and VI would manifest differently with aging, although both muscles partly form the QF. The RF and VI are located on the front of the femur and directly involved in knee extension; however, the decrease in the thickness of the QF with aging would occur mainly in the VI, whereas the thickness of the RF would be maintained in men.
Correlation between muscle thicknesses and physical function test results
A positive correlation was shown between KES and the thicknesses of the RF, VI, and QF in multiple age groups for men and women; however, fewer correlations were shown between muscle thicknesses and results of the OLS, NW, FW, and TUG tests for men and women, and between muscle thicknesses and GS in women (Table 3) . Thus, among the variables, KES was the most correlated with muscle thickness.
Thicknesses of the RF and VI correlated with KES in men aged 65-69 years, and only the thickness of the VI correlated with KES in men aged 70-74 years. In women, thicknesses of the RF and VI correlated with KES in women of all age groups, except the thickness of the VI in women aged 75-79 years.
Thickness of the QF, which is the sum of the thicknesses of the RF and VI, correlated with KES in three of four groups of men and all groups of women. In other words, muscle strength was determined by the muscle thickness in women, because the QF correlated with KES in all age groups. Muscle strength in men was related to muscle quality or the nervous system, not just muscle thickness, because the muscle thicknesses were not correlated with KES in some age groups.
Changes in muscle thickness and Kes with aging
The measurement of maximal muscle strength requires a large load to be applied to the related joint, and imposes a There are a few limitations to this study. First, the participants were community-dwelling older individuals. Thus, further research is needed to compare these data with groups of participants with other characteristics. Second, muscle thickness in older participants was not compared to that in young participants, such as those aged 20-29 years. Third, the region of interest used for measuring muscle thickness represents only a small portion of each muscle.
We think it would be very interesting to actively perform research in other similar groups around Japan. The results may show differences related to geography, or they may be very similar to those of our current study. Further research is needed on this topic, and we would be interested in comparing our data with findings from future studies.
Conclusion
Reductions in the thicknesses of the muscles and KES differed by age groups and sex. Furthermore, although the RF and VI jointly compose the QF, the decreases in muscle thicknesses and correlation with aging were different for each muscle.
